Cooperative hybrid-ARQ (HARQ) protocols, which can exploit the spatial and temporal diversities, have been widely studied. The efficiency of cooperative HARQ protocols is higher than that of cooperative protocols, because retransmissions are only performed when necessary. We classify cooperative HARQ protocols as three decode-and-forward based HARQ (DF-HARQ) protocols and two amplified-and-forward based (AF-HARQ) protocols. To compare these protocols and obtain the optimum parameters, two unified frameworks are developed for protocol analysis. Using the frameworks, we can evaluate and compare the maximum throughput and outage probabilities according to the SNR, the relay location, and the delay constraint for the protocols.
I. INTRODUCTION
In wireless mobile communication systems, various diversity techniques, such as time, frequency and spatial diversity, have been investigated to achieve spectrally efficient and reliable communications over fading channels [1] - [5] . Among them, cooperation diversity techniques, which have been widely studied at present, can provide spatial diversity by cooperating between users. In cooperative communication systems, distributed antennas of different users are formed as a "virtual array" by sharing their antennas and time/frequency resource to achieve the spatial diversity. To efficiently obtain the diversity, there have been many approaches for developing cooperative protocols, especially for half duplex terminals since a full-duplex terminal is of less interest to practical applications [6] - [9] . In [7] , the selection relaying protocol based on channel measurements between terminals and the incremental relaying protocol based on a limited feedback from the destination terminal were proposed. These protocols were designed for time-division multiple-access (TDMA) systems in which either the source or the relay terminal transmits signals at a time slot. In [8] , three cooperative protocols for amplified-and-forward (AF) and decode-and-forward (DF) modes were proposed, in which the source and the relay terminals transmit signals simultaneously to improve performance. However, these protocols are performed poorly in high spectral efficiency scenarios, because twice the bandwith of direct transmission is required for a given rate. Thus, in [9] , the dynamic decode and forward (DDF) protocol was proposed, in which the relay listens to the source until it can successfully decode the information bits before transmitting. The DDF protocol achieves the optimal diversity-multiplexing (D-M) tradeoff when the multiplexing gain, r e , is in the region of 0 ≤ r e ≤ 0.5.
Automatic repeat request (ARQ) is a common technique used to make a wireless link reliable.
The cooperative protocols can adopt the ARQ technique by exploiting feedbacks from the relay and destination terminals. Since the relay or source retransmits only when the destination terminal wants to, the efficiency of cooperative ARQ protocols can be improved. This performance improvement of cooperative ARQ protocols has been shown in literature, such as in [7] , [10] , and [11] . In [7] , it was shown that the incremental relaying protocol, which can be viewed as an extension of a hybrid-ARQ into a cooperative context, outperforms the fixed relaying protocol in terms of its outage behavior. In [10] , a DDF based ARQ protocol was proposed for two cooperating single-antenna terminals and a double-antenna destination terminal. It was shown that it can achieve the optimal D-M tradeoff when the number of retransmissions goes to infinity.
In [11] , it was shown that the DDF based ARQ protocol can achieve the optimal D-M tradeoff in a single user relay channel when the maximum allowable number of transmissions is greater than 2. The performance of a cooperative ARQ protocol and that of a non-cooperative ARQ protocol were also compared in [12] . It was shown that a practical cooperative ARQ protocol using a convolutional code is better than a non-cooperative ARQ protocol.
Inspired from these performance improvements, extended versions of previous cooperative protocols combined with ARQ or hybrid-ARQ (HARQ) scheme were proposed and analyzed in [13] - [15] . In [13] , three cooperative ARQ protocols, which combine the incremental relaying with the selection relaying, were proposed. The outage behaviors of the three protocols were shown for a simple ARQ scheme without packet combining. In [14] and [15] , cooperative HARQ protocols for multiple relays were proposed for various HARQ techniques. The upper bound of an incremental redundancy based protocol was developed in [15] . The achievable throughput of these cooperative ARQ protocols changes according to channel and environment such as the relay location, the path loss, and signal-to-noise ratio (SNR). Thus, it is difficult to compare these cooperative ARQ protocols using previous analysis methods such as the outage behavior and the D-M tradeoff. In the D-M tradeoff analysis, the relay location, which is one of the dominant factors in determining performance, is not considered. Some protocol parameters, such as the initial transmission rate and the maximum number of transmissions (or the delay constraint), cannot be optimized because the D-M tradeoff provides a fundamental but only asymptotic performance. Outage behavior is also highly affected by the initial transmission rate. Thus it is necessary to develop unified frameworks that can analyze and compare protocols considering each protocol's characteristic.
In this paper, two unified frameworks are developed. One is for DF based cooperative HARQ (DF-HARQ) protocols and the other is for AF based cooperative HARQ (AF-HARQ) protocols.
In this paper, the HARQ technique mainly considered is the incremental redundancy HARQ (IR-HARQ) technique due to its better performance over the Chase combining HARQ scheme [16] . In the DF-HARQ protocols, only IR-HARQ scheme is used. On the other hand, in the AF-HARQ protocols, both the IR-HARQ and the Chase combining schemes are considered because the relay terminal just forwards the amplified packet to the destination terminal. In this paper, we consider the extension of cooperative protocols or the cooperative ARQ protocols into cooperative HARQ protocols. These were then classified into three DF-HARQ protocols and two AF-HARQ protocols. In the DF-HARQ protocols, Protocol 1 includes the selection and incremental relaying DF protocol in [7] , and protocol 1 in [13] . Protocol 2 is an extended version of protocol 2 in [8] . Protocol 3 includes the protocol with a single relay in [15] and the DDF protocol when r e ≦ 0.5 in [9] and [11] . In the AF-HARQ protocols, protocol 1 includes the selection and incremental relaying AF protocol in [7] , and protocol 3 in [8] . Protocol 2 includes protocol 3 in [8] and the NAF protocol when r e ≦ 0.5 in [9] . Furthermore, the performance of each protocol is evaluated under two different power constraint scenarios. One is peak power constraint, where each terminal uses the same power for a transmission. The other is step power constraint where the transmission power for each step is preserved. Thus, the analytical framework provided in this paper is quite meaningful because: i) it provides a unified approach for the analysis of cooperative HARQ protocols; ii) it provides actual performance comparison among different protocols, which can be only done in an asymptotical manner with previous approaches; and iii) such an analysis, considering the characteristic of each protocol, can be used to optimize the performance of each protocol according to channel and environment.
The rest of this paper is organized as follows. In Section II, the signal model and the cooperative HARQ protocols are described. In Section III, the analytical frameworks are developed for the DF-HARQ and the AF-HARQ protocols. In Section IV, the outage probabilities of terminals participating in each protocol are analyzed using the proposed framework. The maximum achievable throughput of the cooperative HARQ protocols are obtained and compared in Section V. Finally, the concluding remark is given in Section VI.
II. SYSTEM MODEL AND PROTOCOL DESCRIPTION

A. Protocol Description
In this paper, a cooperative communication model with three half-duplex terminals is considered. It consists of a source terminal, a destination terminal, and a relay terminal. The source terminal transmits data to the destination terminal with the aid of the relay terminal.
The destination and the relay terminals transmit ACK/NACK signals for retransmissions. In this subsection, we describe three DF-HARQ protocols and two AF-HARQ protocols. The DF-HARQ protocols are comprised of two steps and can be described as follows:
• Protocol 1: In Step 1, the source terminal broadcasts a packet to the destination and the relay terminals until either one of the terminals successfully decodes the packet. If the destination terminal successfully decodes the packet, the source terminal broadcasts the next packet at the next time slot. If the destination terminal fails but the relay terminal decodes the packet,
Step 2 begins. In Step 2, the relay terminal transmits the packet to the destination terminal until the packet is successfully decoded.
• Protocol 2: In Step 1, the source terminal transmits a packet to the relay terminal only.
If the relay terminal successfully decodes the packet, Step 2 begins. In Step 2, both the source and the relay terminals transmit the packet using a space time code to the destination terminal until it successfully decodes the packet.
• Protocol 3: The procedure of Step 1 is equal to that of protocol 1 and the procedure of
Step 2 is equal to that of protocol 2.
The AF-HARQ protocols are comprised of two steps and can be described as follows:
• Protocol 1: In Step 1, the source terminal broadcasts a packet to the destination and relay terminals. If the destination terminal decodes the packet successfully, then the source terminal transmits the next packet. If the destination terminal fails, the relay terminal amplifies the signal and transmits it in Step 2. After that, if the destination terminal fails to decode the packet, the next round starts with the same packet.
• Protocol 2:
Step 1 of protocol 2 is equal to that of protocol 1. In Step 2, both the source and the relay terminals transmit packets to the destination terminal using a space time code. 
B. Signal Model
It is assumed that a packet is composed of one codeword and the channel state information is perfectly known at the receiver. Also, the ACK/NACK signaling is assumed to be error-free for simple analysis. The resource spent for signaling ACK/NACK is also ignored since it is typically quite small compared to that used for data transmission. Let x α [m] denote the m-th transmitted packet from the terminal α ∈ {S, D, R}. Then, the m-th received packet in terminal β = {S, D, R} \ α can be written as
where E s is the symbol energy and h α,β [m] denotes the channel coefficient between α and β.
Here, the channel is assumed to be a block fading channel. It has independent and identically distributed (i.i.d.) circularly symmetric complex Gaussian random variable with distribution In the DF-HARQ protocols, if the relay terminal decodes the packet successfully, the relay transmits a different codeword than that of the source terminal as follows. The information of b bits is encoded using the channel code with codebook C ∈ C n where n = 2LM. The codeword set C S = {C 1 , · · · , C M } is used at the source terminal for transmission and the codeword
} is used at the relay terminal. In the AF-HARQ protocols, the source terminal transmits different codewords at every transmission. However, the relay terminal forwards the amplified packet to the destination terminal. Thus, the amplified packet received from the relay terminal and the packet received from the source terminal are combined using the Chase combining method at the destination terminal.
III. ANALYTICAL FRAMEWORKS FOR COOPERATIVE HYBRID-ARQ PROTOCOLS
In [17] and [18] , the throughput of a point-to-point link using an HARQ scheme is analyzed.
The event that a terminal stops transmitting the current codeword is recognized to be a recurrent event [19] . A random reward R is associated to the occurrence of the recurrent event. If successful decoding is achieved within M transmissions, R = r b/s/Hz. If successful decoding is not achieved, R = 0 b/s/Hz. Using the renewal reward theorem [19] , the system throughput is obtained as
where T is the number of blocks spent to transmit a single packet. This equation can be directly used for cooperative HARQ protocols. Let p out be the outage probability of cooperative HARQ protocols, then (2) is given as
Thus the throughput of cooperative HARQ protocols can be obtained by computing p out and
. In this section, two unified frameworks for the DF-HARQ and the AF-HARQ protocols are developed to obtain p out and E [T ].
A. A framework for DF-HARQ protocols
In this subsection, a unified framework for the DF-HARQ protocols is developed using state transition diagram approach. Let S m (S m ) be the event denoting successful decoding (decoding failure) at the m-th transmission and q (m) be the probability of having successful decoding at the m-th transmission, defined as
Then,
is the probability of decoding failure with m received packets and q (m) can be rewritten as
The probability functions of the destination and the relay terminals in Steps 1 and 2 are defined as follows. Respectively, p 1 (m) and p 2 (m) are the error probabilities of the destination terminal and the relay terminal in Step 1 when the m-th packet is received from the source terminal.
The outage probability with m received packets of the destination terminal in Step 2, while the relay decoded it successfully with n transmitted packets in Step 1, is defined as p 3,n (m). Also, Table I . Here, p (m|m − 1)
denotes the conditional probability of decoding failure at the m-th transmission, given that the receiver has not decoded it until the (m − 1)-th transmissions. As derived in Appendix A, the average number of transmissions can be calculated using the state transition diagram as
where 
given by
By substituting (7) and (8) in (3), the throughput of the DF-HARQ protocols can be obtained.
B. A framework for AF-HARQ protocols
To obtain the throughput and the outage probability of the AF-HARQ protocols, a unified framework for the AF-HARQ protocols is developed using a state transition diagram. The error probability at the destination terminal is defined as follows. Respectively, p 1 (m) and p 2 (m)
are the error probabilities at the destination terminal in Steps 1 and 2 when the m-th packet is received from the source terminal. Also, q 1 (m) and q 2 (m), respectively, denote the probabilities of successful decoding at the destination terminal in Steps 1 and 2. Table II . As derived in Appendix B, the average number of transmissions can be calculated using the state transition diagram as
Also, the outage probability of an AF-HARQ protocol is given by
By substituting (9) and (10) in (3), the throughput of the AF-HARQ protocols can be obtained.
Because the two frameworks consist of the error probability of each terminal, the throughput and the outage probability of any cooperative HARQ protocol can be obtained from knowing of the error probability corresponding to a given protocol at each terminal. Thus, the proposed analysis can be used as framework for the analysis of any cooperative HARQ protocol. Also, the upper limit of protocol performance can be obtained from an information theoretic measure, as well as, the actual performance from the measured or simulated error probabilities using practical modulation and coding schemes.
IV. OUTAGE PROBABILITY AT EACH TERMINAL
In this section, the outage probability at each terminal is calculated to obtain the performance of the cooperative HARQ protocols using the proposed frameworks in Section III. Throughout our analysis, Gaussian codebooks are assumed to obtain the upper limit of performance. The probability functions are approximated using the central limit theorem to make the analysis tractable. Later, simulation results will show that the approximation is quite accurate.
A. Outage probability
In [17] , it was shown that the probability of error can be arbitrarily small if I m > r, or almost one if I m ≤ r when a length of the codeword L is large enough. Thus we can assume that
and the probability of undetected error is 0. Thus the error probability p(m) of each terminal can be replaced by the outage probability of each terminal. The outage probability at the m-th transmission is defined as
where r is the initial transmission rate and I m is the accumulated mutual information at the m-th transmission. The accumulated mutual information for HARQ systems can be calculated as [20] 
B. DF-HARQ protocols
In this subsection, the outage probabilities p 1 (m), p 2 (m) and p 3,n (m) are calculated for each protocol. In the DF-HARQ protocols, the source and the relay terminals transmit different codewords at every transmission.
1) Protocol 1:
From (12), p 1 (m) and p 2 (m) are respectively given as
where
Because the directly received and the relayed packets have different redundancy information, p 3,n (m) is given as
To make the analysis tractable, a Gaussian approximation [18] can be used when m and n are not small. Then, p a (m), a = 1, 2, can be approximated as
where µ a and σ 2 a are the mean and the variance of J (γ a m ). Also, p 3,n (m) can be approximated as
where µ 3 and σ 
2) Protocol 2:
The destination terminal does not receive packets from the source terminal in
Step
The Gaussian approximated outage probabilities of p 2 (m) and p 3 (m) can be obtained using (19) .
3) Protocol 3:
In protocol 3, Step 1 is equal to that of protocol 1. Thus p 1 (m) and p 2 (m)
of protocol 3 are equal to those of protocol 1.
Step 2 of protocol 3 is equal to that of protocol 2. However the destination terminal of protocol 3 has the n directly received packets from the source terminal in Step 1. Thus, p 3,n (m) is given by
The Gaussian approximations of p 1 (m) and p 2 (m) can be obtained using (19) . Also, the Gaussian approximations of p 3,n (m) can be obtained using (20) .
The means and the variances of J(γ a 1 ), a = 1, 2, 3, can be calculated as follows. The mean, µ a , is obtained as
where Ei is the exponential integral [22] and σ 2 is the channel variance. It is difficult to calculate the variance of J(γ a 1 ) exactly. However, if SNR is high, it can be approximated as
where C is the Euler number [22] . If SNR is very small, it can be approximated as
where e is the base of natural logarithm. For moderate range of SNR, the variance is obtained by using numerical integration.
C. AF-HARQ protocols
In this subsection, the outage probability of each terminal is calculated according to the AF-HARQ protocols. In the AF-HARQ protocols, the relay amplifies a received signal with an amplifier gain α m , defined as
where E s denotes the average transmission energy at the source terminal and E r denotes the average transmission energy at the relay terminal. At the destination terminal, the packets received from the source and the relay terminals are combined using the Chase combining method.
1) Protocol 1:
Respectively, p 1 (m) and p 2 (m) are given as
and
For the AF-HARQ protocols, also the Gaussian approximation [18] can be used when m and n are not small. The Gaussian approximated p 1 (m) is given as
where u 1 and v . Also, the Gaussian approximated p 2 (m) is given as
where u 2 and v 2 2 are, respectively, the mean and the variance of J (γ
2) Protocol 2:
The source and the relay terminals transmit space time coded signals to the destination terminal in Step 2. Thus, Γ s can be written as
By substituting (33) into (29) and (30), the outage probabilities of protocol 2 can be obtained.
To obtain the mean and the variance of the J (γ 1 1 + Γ 1 ), the probability density function (pdf) of Γ 1 is required. However, it is difficult to obtain the exact pdf of Γ 1 . Instead, half the harmonic mean of γ 2 s and γ 3 s is used as in [21] , which is given by
and the pdf of H is given as [21] 
s ], and K w (·) denotes the modified Bessel function of second kind with the order of w. Respectively, the mean and the variance of J (γ 1 1 + Γ 1 ), u and v 2 , can be obtained as
where X = γ 1 1 for protocol 1 and X = 2γ 1 1 for protocol 2. It is difficult to integrate (36) and (37) into closed forms and we resort to a numerical integration method to calculate (36) and (37).
V. NUMERICAL RESULTS
In this section, simulation is performed and compared with the analysis for the DF-HARQ and the AF-HARQ protocols. The cooperative system is assumed to be a one-dimensional linear relay network for simplicity. Let the distance between the source and the destination terminals The optimum initial transmission rate is stepwisely searched over 0 ∼ 12M with the step size of 0.2M. For performance comparison, we consider the peak power constraint, where the source and the relay terminals transmit packets with the same power, and the step power constraint, where the total transmission power for each step is constrained and the transmission power in
Step 2 is equally divided to the source and the relay terminals, (i.e., the source and the relay terminals transmit packets in Step 2 with half the transmission power of the source terminal in
Step 1).
A. Peak power constraint
In this subsection, we obtain the maximum throughput of the DF-HARQ and the AF-HARQ protocols under the peak power constraint. In these figures, 'DF1', 'DF2', and 'DF3', respectively, denote the analysis of protocols 1, 2, and 3 of the DF-HARQ protocols, and 'AF1' and 'AF 2', respectively, denote the analysis of protocols 1 and 2 of the AF-HARQ protocols. Also, Figure 5 shows the maximum throughput of the cooperative HARQ protocols according to the long-term averaged SNR (E s /N 0 ) when d = 0.5. From this result, we can compare the performance of the cooperative HARQ protocols. One observation is that DF1 and DF3 outperform DF2 over all ranges of SNR due to the packet combining at the destination terminal and the maximum throughput of DF3 is slightly better than that of DF1.
1) Performance comparison:
Among the AF-HARQ protocols, the maximum throughput of AF2 is greater than that of AF1.
Under the peak power constraint, the average transmission energy in Step 2 of DF3 and AF2 is greater than that of DF1 and AF1, which respectively results in better performance of DF3 and AF2 over DF1 and AF1. Interesting observation can be obtained by comparing the DF-HARQ protocols with the AF-HARQ protocols. Previously it was believed that the AF protocol has the same performance as the DF protocol in terms of the D-M tradeoff [9] . However, combined with the HARQ schemes, the DF-HARQ protocols outperform the AF-HARQ protocols over all range of SNR when d = 0.5. The reason is that, in the AF-HARQ protocols, the relay cannot transmit additional redundancy because the relay does not decode but just forwards the amplified packet.
However, in the DF-HARQ protocols, the relay can transmit additional redundancy. Thus, the performance of the DF-HARQ protocols is better than that of the AF-HARQ protocols. does not improve the performance because the source signal is much more attenuated than the relay signal. Also, it is observed that although DF1 outperforms DF2 over all ranges of d when the SNR is high (12dB), DF1 can be worse than DF2 when the SNR is low and d is small due to the high error probability at the first transmission in DF1. Among the AF-HARQ protocols, AF2 outperforms AF1 over all ranges of d and the performance difference slightly increases as the relay terminal deviates from the center region. The DF-HARQ protocols also outperform the AF-HARQ protocols over all ranges of d. Also, it is observed that the performance of DF1, AF1, or AF2 increases as the relay terminal gets closer to the center location, while that of DF2 or DF3 does as the relay terminal gets closer to the source terminal due to the space-time coding.
2) Delay constraint: Figure 7 shows over almost all regions of d, but the maximum throughput of DF1 is greater than that of DF3 oppositely to the peak power constraint case. Similarly, the maximum throughput of AF1 is greater than that of AF2 in the region of d ≤ 0.6. On the other hand, the maximum throughput of AF2 is greater than that of AF1 in the region of d > 0.6. The above observations are very interesting because they are different from the previously known results of comparing cooperative protocols without HARQ. Among the AF-HARQ protocols, AF1 and AF2 without an HARQ scheme are, respectively, matched to LTW-AF and NAF in [9] . The DM-tradeoff of the NAF is also better than that of LTW-AF. However, AF1 can outperform AF2 in many cases. The reason is that the transmission power is divided to the source and the relay terminals to obtain diversity gain in AF2. However, performance loss by the path-loss is greater than the diversity gain in many cases.
2) Delay constraint: Figure 9 shows 
C. The initial transmission rate
In this subsection, the tradeoff between the initial transmission rate and the delay, such as the maximum number of transmissions and the average delay, is shown for DF1 under the peak power constraint. Although not shown explicitly, similar results and discussion can be obtained for other protocols. Figure 10 shows the average delay of DF1 according to the maximum number of transmissions for various initial transmission rates (r) when the relay location (d) is 0.5 and the long-term averaged SNR is 12dB. The average delay is given by
When the initial transmission is given and the maximum number of transmissions (delay constraint) is smaller than a certain threshold, the average delay increases very sharply (i.e. the outage probability goes to 1). Otherwise, when the maximum number of transmissions is greater than the threshold, the average delay is almost constant regardless of the maximum number of transmissions. Thus, in order to lower the average delay, it is useful to reduce the initial transmission rate, but it is not necessary to increase the maximum number of transmissions if it is greater than a certain value.
To compare the throughput among the various maximum number of transmissions (M), the worst-case coding-rate, R = r/M, is used. Figure 11 shows the throughput of DF1 according to R under the peak power constraint. As can be seen in Figure 11 , when R is small, the throughput increases as R increases. However, when R is large, the throughput decreases as R increases. This is because, the outage probability (p out ) increases as R increases and it becomes a dominant factor of performance degradation when R too is large. This trend of DF1 is similar to that of IR-HARQ protocol which is shown in [18] . Additionally, it is seen that the region of R, where the throughput decreases sharply, is consistent over all values of M. Thus, for a given M, the constraint for the initial transmission rate can be set to
where R * (d, SNR) is defined as the infimum of the worst-case coding-rate yielding zero throughput when M goes to infinity, which is a function of the relay location d and the long-term averaged SNR. Also, if M is sufficiently large, we can reduce the average delay without sacrificing the throughput as can be seen in Figure 10 and 11. However, if M is small, there is a trade-off between the average delay and the throughput according to the initial transmission rate. Figure 12 shows the optimum initial transmission rate in terms of the throughput according to the maximum number of transmissions (M) under the peak power constraint. From this figure, it is easily seen that the optimum initial transmission rate increases almost linearly as the maximum number of transmissions increases. Thus, the optimum initial transmission rate for M, r * (M, d, SNR), can be obtained as
In order to apply the above optimization and tradeoff, R * (d, SNR) and a(d, SNR) should be easily calculated from the knowledge of d and SNR, which remains as future work.
VI. CONCLUSION
In this paper, three DF-HARQ protocols and two AF-HARQ protocols were shown and analyzed using unified frameworks based on the state transition diagram. A unified framework was proposed for each type of cooperative HARQ protocols, which can provide actual performance evaluation with respect to channel and environment. The maximum throughput of each protocol was searched under the peak power and the step power constraints. By obtaining real performance comparison among protocols, it was shown that the throughput and relative performance of the cooperative HARQ protocols varied according to the relay location, the maximum number of transmissions (or the delay constraint), the initial transmission rate, and the power constraint.
Interesting observations from the analysis as follows: i) the maximum achievable throughput of the DF-HARQ protocols can be much greater than that of the AF-HARQ protocols due to the IR transmission at the relay terminal; ii) protocols having worse D-M tradeoff without HARQ scheme can outperform protocols having better D-M tradeoff in many cases, when HARQ scheme is combined; and iii) the region maximizing the throughput of each protocol changes according to the relay location, the maximum number of transmissions, and the long-term averaged SNR.
Additionally, the tradeoff between the initial transmission rate and the delay constraint (or the average delay constraint) was observed. However, if the maximum number of retransmission is sufficiently large, we can reduce the average delay without sacrificing the throughput. Also, it was shown that there is an optimum initial transmission in terms of throughput and it is almost a linear function of the maximum number of transmissions, in which the gradient is the function of the relay location, and the long-term averaged SNR. Developing a simple algorithm that evaluates the optimum initial transmission rate for a practical system remains future work.
APPENDIX A
The probabilities for each state are given as
By substituting the transition probabilities shown in Table I into (42)- (44), we obtain
Using the above equations, X e can be simplified as where
. From the transfer function in (49), the average successful transmission rate is obtained as
(52)
is the outage probability of the DF-HARQ protocols. By substituting (51) and (52) in (2), the throughput of the DF-HARQ protocols can be obtained.
APPENDIX B
In the state transition diagram of the AF-HARQ protocols, the probabilities of each state are given as
By substituting the transition probabilities shown in Table II into (56) and (58), we obtain
Using the above results, X e can be simplified as 
By differentiating the transfer function by T and U, the average transmission number and the average successful transmission rate can be respectively obtained as
=r(1 − p 1 (M)p 2 (M)).
Thus the outage probability of the AF-HARQ protocols is obtained as
By substituting (63) and (64) in (2), the throughput of the AF-HARQ protocols can be obtained. 
